Paracoccidioides brasiliensis and P. lutzii are temperature-dependent dimorphic fungi that cause paracoccidioidomycosis (PCM). Previously, we characterized the PbMDJ1 gene. This gene encodes P. brasiliensis chaperone Mdj1, which in yeast is a mitochondrial member of the J-domain family, whose main function is to regulate cognate Hsp70 activities. We produced rabbit polyclonal antibody antirecombinant PbMdj1 (rPbMdj1), which labeled the protein not only in mitochondria but also at the cell wall of P. brasiliensis yeasts of isolate Pb18. Here we used anti-rPbMdj1 in confocal microscopy to localize Mdj1 in Pb18 and other fungal isolates grown at different temperatures. Dual intracellular and cell surface pattern were initially seen in yeast-phase P. brasiliensis Pb3, Pb18 (control), P. lutzii Pb01, and Histoplasma capsulatum. Pb18 and Aspergillus fumigatus hyphae as well as Pb3 pseudo hyphae formed at 36
Introduction
Paracoccidioides species are temperature-dependent dimorphic human pathogens that cause human paracoccidioidomycosis (PCM), an endemic fungal disease that is common in Latin America [1] . Paracoccidioides species grow as multibudding yeasts in host tissues and when cultivated at 36
• C, and as mycelia when incubated in vitro below 28
Environmental fungal conidia reach the pulmonary alveoli upon inhalation and transform to the yeast pathogenic phase to initiate the most common form of PCM -a pulmonary infection. Genetic variation among clinical, animal, and environmental Paracoccidioides isolates allowed recognition of three P. brasiliensis phylogenetic lineages (S1, PS2, and PS3) [2] and the proposal of a new species, P. lutzii (said to be "Pb01-like") [3] . PS2 corresponds to a cryptic small group of P. brasiliensis isolates represented by Pb3 that cause regressive infections in mice, in contrast with S1 isolates (e.g., Pb18) [4] . Other thermodimorphic pathogenic fungi that are agents of human infections with general characteristics similar to those of PCM [5] include Histoplasma capsulatum, Blastomyces dermatitidis, and Coccidioides immitis/posadasii. Previously we characterized P. brasiliensis PbMdj1 as a heat shock protein [6] that is sorted to both yeast mitochondria and cell wall, notably to budding regions [7] . Mdj1 is a type I J-domain/Hsp40 chaperone that is localized in the mitochondria of Saccharomyces cerevisiae. In this species, 22 J-protein family members have been identified [8] . In yeast, Mdj1 is essential for biogenesis of functional mitochondria, where it is involved in folding of newly imported proteins by binding to targets and by stimulating ATPase activity of local Hsp70 (Ssc1). Inactivation of yeast MDJ1 results in deficient respiration that is due to the incapacity to use nonfermentable carbon sources and to keep functional mitochondrial DNA, thus generating nonviable yeasts at 36
• C [9, 10] . Regulation of Hsp70 (DnaK in bacteria) activity in various cellular compartments is a primary function of J-domain proteins, whose most studied member is bacterial DnaJ [11] . Type I Hsp40 family members bear all structural characteristics recognized in DnaJ, specifically, a helical Hsp70-binding J domain followed by a glycine/phenylalanine-rich region that precedes a substratebinding zinc finger (CXXCXGXG) and carboxy-terminal regions [11] . PbMdj1 is a type I Hsp40, considering that it shows all DnaJ typical domains [7] . In P. brasiliensis, PbMdj1 localization was revealed using rabbit polyclonal antibodies (anti-rPbMdj1) in confocal and transmission electronic microscopy (TEM), cell cytometry, and immunoblotting. We produced anti-rPbMdj1 polyclonal antibodies in rabbit using a recombinant N-terminal fragment (residues 14-226) as immunogen. Anti-rPbMdj1 specifically recognized a single 55-kDa mitochondrial and cell wall-associated component in P. brasiliensis yeast cells. This is compatible with the predicted size of the processed molecule, since PbMdj1 is composed of 551 amino acids (58.7-kDa), including 28 from a putative mitochondrial matrix peptide-targeting signal (2.94 kDa).
Gene organization of MDJ1 and its neighbor LON gene is highly conserved among dimorphs and also in Aspergillus, where the number and position of introns are conserved [7] . Lon is a conserved ATP-binding and heat-inducible mitochondrial serine proteinase that mediates cleavage of misfolded or unassembled proteins [9] , while Mdj1 is essential for substrate degradation [12, 13] . PbMDJ1 and PbLON are adjacent, inversely oriented, and separated by a common 5 intergenic region that ranges between 400 and 485 nucleotides, which contain heat shock and AP-1 functional motifs [6] . PbMdj1 identity with its orthologs varies from 85% in H. capsulatum and B. dermatitidis to 61% in A. nidulans.
In our previous work, we were the first to describe a J-domain protein on the cell surface, specifically on fungal cell walls [7] , where its function is presently unknown. We observed that the sera from patients with PCM sera reacted with rPbMdj1; however, anti-rPbMdj1 antibodies were unable to interfere with P. brasiliensis yeasts growth in vitro. The aim of study reported here was to use anti-rPbMdj1 in confocal microscopy analysis to localize Mdj1 in several pathogenic fungal isolates/species grown at different temperatures. We analyzed P. brasiliensis Pb18, Pb3; P. lutzii Pb01; H. capsulatum; and also A. fumigatus, which is a filamentous species that causes an opportunistic mycosis [14] . We observed that dual intracellular and cell surface labeling occurred in both yeasts and mycelia, but the labeling patterns unexpectedly varied with growth temperatures.
Material and methods

Fungal isolates and growth condition
We analyzed clinical isolates of P. brasiliensis (Pb18 and Pb3) and P. lutzii (Pb01), H. capsulatum (bat strain M-240/06 isolated in the São Paulo Zoonosis Center, Brazil), and A. fumigatus AF293. Paracoccidioides strains were isolated from mice lungs and maintained in the yeast phase in slants of modified yeast peptone dextrose (YPD) (modYPD: 0.5% yeast extract, 0.5% casein peptone, 1.5% glucose; pH 6.3) for about two months at 4
• C before use.
For yeast-phase confocal studies, one loop full of stored cultures was transferred to liquid modYPD (30 ml) and incubated for 5 days at 36
• C under shaking (120 rpm). To obtain hyphae, 1 ml was transferred from this culture to fresh medium (50 ml) and cultivated at 23
• C for 10 to 15 days under shaking until complete transition to mycelium. For experiments in which phase transition forms were used, 3 to 5 × 10 3 Paracoccidioides yeasts were transferred to modYPD (50 ml) and incubated at 23
• C under shaking.
For mycelium-to-yeast transition, 1 ml of mycelium culture was transferred to 50 ml of modYPD and incubated at 36
• C under shaking. Cells were collected for analysis at different transition times for 12 days. Contamination and cell viability were checked microscopically using trypan blue. H. capsulatum yeasts were cultivated in brain heart infusion (BHI)/cys (42 µg cysteine/ml) and maintained at −70
• C in the same medium containing 25% glycerol. For cell processing, frozen stocks (100 µl) were inoculated into fresh medium (30 ml) and grown for 4 days at 120 rpm.
A. fumigatus stocks were maintained short term in Sabouraud slants or long term at 4
• C in distilled water as conidia. For confocal experiments, 1 to 3 × 10 2 conidia/well were distributed in 24-well plates covered with a 13-mm glass slide and 1 ml of Ham's F-12/glc (1.5% glucose) defined medium. The conidia were incubated for 10-16 h at either 25
• C or 36
• C to obtain germinating hyphae.
Confocal microscopy
Fungal cells were incubated for 20 min with 40 mM MitoTracker R Red 580S (Invitrogen, Eugene, OR, USA) for mitochondrial labeling [7] , washed twice in phosphatebuffered saline (PBS), and fixed/permeabilized in ice-cold methanol for 30 min under mild shaking. Fixed cells were washed three times in PBS and quenched with 3% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) in PBS (blocking buffer) for 16 h at 4
• C under slow shaking.
Quenched cells were washed five times in PBS, incubated with primary antibodies at 1:200 (preimmune and antirPbMdj1 rabbit serum) in blocking buffer for 4 h at room temperature, washed five times in PBS, and then incubated in the dark with secondary anti-rabbit immunoglobulin-G (IgG) labeled with either fluorescein isothiocyanate (1:50; fluorescein goat anti-rabbit; Invitrogen) or Alexa (1:300; Alexa Fluor R 488, Invitrogen) for 2 h at room temperature. Microscopy slides were mounted with a small aliquot of the preparations in antifading Vectashield (Vector Laboratories, Burlingame, CA, USA) and sealed. The slides were observed in a fluorescence microscope (Nikon Eclipse E800, Kawasaki, Kanagawa, Japan) using 40× or 100× objectives. Double labeling was analyzed by confocal microscopy (Carl Zeiss LSM-510 NLO, Oberkochen, BadenWürttemberg, Germany). Image acquisition and comparative analyses of intensity were performed under similar parameters of instrument adjustment.
Extraction of fungal proteins
Total mitochondrial fractions were isolated through differential centrifugation of extracts obtained from nitrogenfrozen P. brasiliensis cells mechanically lysed in a mortar, using a modified protocol [7] of the methodology described for S. cerevisiae [15] . The same protocol was applied to A. fumigatus hyphae grown for 3 days in modYPD.
Immunoblotting
Fungal proteins were fractionated by molecular mass in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels [16] and transferred to nitrocellulose 0.45-µm membranes [17] using a Mini-Trans Blot apparatus (BioRad, Berkeley, CA, USA). Protein transference was confirmed by staining with Ponceau S; the membranes were destained in distilled water and quenched overnight under shaking at 4
• C with 5% skimmed milk (Molico, Nestlé, Araçatuba, São Paulo, Brazil) dissolved in PBS. Quenched membranes were extensively washed in 0.1% PBS Tween-20 and incubated for 1 h at 36
• C, under shaking, with anti-rPbMdj1 (or preimmune) rabbit immune serum (1:1000 in PBS, 5% skimmed milk). Membranes were washed three times in PBS-10% Tween-20 and incubated with anti-rabbit IgG (1:1000 in PBS, 5% skimmed milk) conjugated to peroxidase (Sigma-Aldrich) for 1 h at 26
• C. Reactions were revealed with chemiluminescence (enhanced luminol-based chemiluminescent (ECL) kit, Amersham Pharmacia, Uppsala, Sweden).
Results
Initially we used anti-rPbMdj1 rabbit serum to carry out confocal microscopy experiments and observe the labeling pattern in cells from isolates representing PS2 P. brasiliensis (Pb3) and P. lutzii (Pb01) growing at 36
• C, in comparison with Pb18 yeasts. Figure 1a shows a labeling profile that is similar between Pb18 (upper panel) and Pb3 (middle panel) yeasts, with intense intracellular fluorescence and also surface labeling, notably in budding sites. Pb01 developed both as pseudo hyphae (lower panel; Supplementary  Fig. 1 ) and yeasts ( Supplementary Fig. 1 ). In pseudo hyphae, fluorescence was more evident on the cell surface. In Pb01, intracellular fluorescence predominated in multiple budding yeasts (Supplementary Fig. 1 ). It is of note that some Paracoccidioides isolates tend to form pseudo hyphae when grown at 36
• C, but the factors involved in formation of these structures are unknown. We then assayed Pb18 growing at 23
• C as fully formed mycelium (Fig. 1b) and observed that anti-rPbMdj1 fluorescence predominated at the cell surface, apparently on the cell wall, as seen in Pb01 pseudo hyphae (Fig. 1a) . Mitochondria were evidenced with MitoTracker R (red), but a merged yellow/orange label was rare. We used filaments grown in shaken liquid cultures because they became turgid, thus providing better resolution than that provided by the thin hyphae recovered from microcultures. Control images ( Supplementary Fig. 2 ) suggested that surface labeling was specific for anti-rPbMdj1, since neither irrelevant anti-Trypanosoma cruzi MAb nor preimmune antibodies labeled the hyphal surface.
The predominant label of anti-rPbMdj1 at the Paracoccidioides hyphal surface was intriguing and prompted the next step of our investigation. We then evaluated transition forms to observe how anti-rPbMdj1 localization would vary during this process. Figure 2 shows Pb18 yeasts (0 h) grown under shaking at 36
• C that were shifted to 23
• C and analyzed after 24 h, 48 h, and 72 h of phase transition. Images were chosen from two distinct sets of experiments. Note that at 24 h of transition, the newly germinating hyphae showed intracellular and surface labels; this was also seen at germinating points. A similar pattern was seen at 48 h, when fluorescence was also observed in septa, suggesting that Mdj1 participates in hyphal development. At 72 h, labeling started to predominate at the hyphal surface and also in septa. By 12 days, fully formed mycelium showed hyphae predominantly labeled at the surface (not shown), as seen in Figure 1b and Supplementary Figure 2 .
During mycelium-to-yeast transition, we observed the reverse pattern of labeling changes (not shown).
We then investigated labeling with anti-rPbMdj1 in other pathogenic fungi. We carried out experiments with yeasts from dimorphic H. capsulatum and also observed double labeling at the surface and in intracellular compartments overlapping with MitoTracker R . This result suggests that Mdj1 double localization in H. capsulatum yeasts resembles that seen in Paracoccidioides ( Supplementary  Fig. 3 ). However, since the H. capsulatum yeasts are too small (1-5 µm) to provide good resolution in optical microscopy, localization of anti-PbMdj1 antibodies will only be precisely deciphered by TEM.
Next, we tested a filamentous opportunist, A. fumigatus, grown at both 25
• C and human body temperature (36 • C). Germinating conidia were assayed 10 to 16 h after incubation at either temperature. Images in Figure 3a show that anti-rPbMdj1 localized primarily at the hyphal surface. However, the labeling pattern changed with growth temperature: while at 25
• C, fluorescence was observed along the filament surface; at 36
• C, it concentrated in hyphal tips (yellow arrows) and branching sites (blue arrows). Labeling at branching points is clearly visualized in Figure 3b . We confirmed these results following heat shock experiments where we shifted the growth temperature to either 25
• C for 1 h, as indicated in Figure 3a . Note that after 1 h at 36
• C, the protein labeled by anti-rPbMdj1 quickly concentrated at the tips, while after 1 h at 25
• C, it appeared to disperse along the hyphae.
To confirm that anti-rPbMdj1 recognized Mdj1 in the species analyzed in this work, we assayed mitochondrial proteins in Western blots. Figure 4 shows that a component migrating at 55 kDa was specifically labeled in mitochondrial extracts from Pb18, as described previously [7] , Pb3, and Pb01 grown at 36
• C, as well as in Pb18 and Pb3 fully formed hyphae grown at 23
• C. This molecular mass is compatible with the expected size of processed PbMdj1 in Paracoccidioides (55 kDa). In comparison with the immunoblot profiles for preimmune serum, other weakly recognized components were the product of unspecific reactivity. However, the preimmune serum did not label fungal cells, suggesting that only the specifically recognized component was seen in confocal images. In samples corresponding to Pb01 hyphae and A. fumigatus grown at 36
• C, a slower migrating component of about 68 kDa was strongly recognized by anti-rPbMdj1. The same component size was the only labeled band in immunoblots assaying an SDS-PAGE sample buffer extract from hyphal debris that contained cell wall (not shown).
Discussion
Using confocal microscopy, we confirmed the dual localization of Mdj1 in mitochondria and cell surface for P. brasiliensis Pb3 (PS2 pylogenetic group) and P. lutzii Pb01, especially in budding sites previously shown to occur in Pb18 (S1 group) yeasts [7] . However, it was surprising to find the predominant anti-PbMdj1 surface label in hyphae from both P. brasiliensis and A. fumigatus grown at room temperature, as well as in Pb01 pseudo hyphae formed at 36
• C. Surface labeling in yeasts and hyphae is most probably on the cell wall, as suggested by merged images with phase contrast and by TEM images of Pb18 yeasts shown in our previous work [7] . In P. brasiliensis, shifts in labeling pattern occurred early during the first 72 h of thermal transition. In A. fumigatus, which does not change phases with temperature, the label was along filaments grown at 25
• C, but primarily at the hyphal tip of the mycelia growing at 36
• C. These observations, which were obtained with fluorescence microscopy, might, in the future, be confirmed using TEM. Previously, we observed abundant immunogold label on the Pb18 yeasts cell wall; this was only moderate in mitochondria, while confocal anti-rPbMdj1 fluorescence was intense in both mitochondria and budding cell walls [7] . Therefore, the pattern can vary with the technique. A. fumigatus is highly resistant to heat and environmentally harsh conditions and causes 90% of invasive aspergillosis, which affects immune-deficient individuals, with death rates of 50%-90% [18] . In A. fumigatus, it was not clear if there was a small amount of Mdj1 and/or mitochondria. Nevertheless, a high concentration of anti-rPbMdj1 in hyphal tips and branching points at 36
• C suggests a role of the target molecule in fungal development, which we previously envisioned for PbMdj1 based on the high concentration of labeled antibodies in P. brasiliensis yeast budding sites [7] . It is important to point out that the A. fumigatus molecule recognized by anti-rPbMdj1 is most probably AfMdj1 (predicted molecular mass of 49 kDa), although the antibodies specifically recognized a component migrating diffusely at 65-70 kDa. This is suggested by the 58% identity with the truncated Mdj1 fragment used to produce rabbit anti-rPbMdj1. Additionally, in all related species, the next homologous rPbMdj1 molecules correspond to DnaJ sequences with low percentages of identity along a limited extension of Mdj1. We believe that a higher relative molecular mass of the diffusely migrating component recognized by rPbMdj1 could be the result of aggregates badly resolved during electrophoresis, as suggested by the fuzzy aspect of the band. For H. capsulatum, we also believe that antirPbMdj1 is indeed recognizing the corresponding protein for reasons mentioned above. Numerous cytoplasmic proteins have been found on the fungal cell wall. Several are moonlight and multifunctional [19, 20] . In Paracoccidioides, several enzymes resulting from carbohydrate metabolism have been found on the cell wall and they seem to have a role in adhesion to proteins associated with the extracellular matrix; other enzymes include an aspartyl protease, phosphatase, and formamidase (reviewed in [21] ). In H. capsulatum, enzymes such as catalase B (M antigen) and a glycosidase (H antigen), besides Hsp70 and Hsp60, have been identified on the cell wall (reviewed in [22] ). Hsp60 is a mitochondrial chaperone that facilitates fungal phagocytosis by macrophages [23] . The finding of intracellular proteins at the cell wall may partially be explained by transwall transport through extracellular vesicles (reviewed in [24] ), which represents an unconventional mode of protein secretion. Our proteomic analysis of P. brasiliensis extracellular vesicles in comparison with those in other fungi [25] revealed that many vesicle proteins have mitochondrial function, which could result from an autophagic delivery of cargoes [26] . Nevertheless, we have not identified Mdj1 in any extracellular fungal proteome to date [25] , although TEM images from our previous work [7] show clusters of immunogold antirPbMdj1 at the cell wall, which is suggestive of vesicular transportation.
In humans, the Mdj1 homolog is Tid1, which is expressed in two alternatively spliced forms (L, long and S, short) that differ in their carboxy-terminal end size [27] . In yeasts, both Tid1 isoforms can substitute for Mdj1 in a J-domain-dependent manner [28] . Tid1-L and Tid1-S localize to human mitochondria, which are associated with mtDNA, but they also associate with cytosol proteins, therefore being enrolled in extra-mitochondrial functions such as cell death, proliferation, and signal transduction [27, 29] . An hsp70-independent role for Tid1 in cancer biology has been addressed; as a result, novel signaling pathways and treatment targets are being unraveled [29] . Protection against murine lethal infection with Streptococcus pneumoniae [30, 31] and Salmonella typhimurium [32] has been achieved upon vaccination with recombinant bacterial DnaJ, which led to stimulation of both antibody and cellular immune responses. Surface localization of DnaJ S. pneumoniae was detected by cell cytometry, as well an inhibitory activity of anti-DnaJ in the bacterial adhesion to A549 lung carcinoma cells [30] . We previously found anti-rPbMdj1 antibodies in sera from patients with PCM showing that the native molecule interacts with the hosts' immune system [7] . We also detected one conserved mouse T-cell epitope in fungal Mdj1 [7] . The presence of Mdj1 on the fungal cell wall suggests that this protein could also play a role in the interaction with the host.
